Abstract-This paper discusses a far-end crosstalk (FEXT) canceller for twisted-pair transmission. Many twisted-pair systems such as fiber-to-the-curb, very high-speed digital subscriber line, and high-speed LAN systems, use frequency-division duplexing (FDD) for duplex transmission. It is shown that the maximum reach of FDD twisted-pair system is limited by the performance of its upstream channel, which is assumed to be located at higher frequencies than the downstream channel. In order to improve the performance of such FDD transceiver, FEXT cancellation is introduced for the channel at higher frequencies. A system arrangement and its blind startup procedure are studied when the FEXT canceller and equalizer are jointly adapted to combat channel intersymbol interference, FEXT, and other additive noise. We investigate the initial convergence and the steady-state behavior of the proposed twisted-pair system without requiring transmission of an ideal training sequence. Measured characteristics as well as analytical model of the FEXT channel are used to estimate the time span needed for the FEXT canceller. It is also shown that the memory span for the FEXT canceller is almost independent of the channel, thus making our results useful for the twisted-pair system over all different channels.
I. INTRODUCTION
H IGH-SPEED data transmission over twisted-pair cables is indeed a challenging proposition and currently of great interest [1] - [4] . Unlike conventional voice-band modems, these high-speed transceivers use the full available bandwidth of the copper cables. With the high-speed digital processing technology and the usage of bandwidth-efficient modulation schemes, such as discrete multitone (DMT) [5] , [6] and carrierless amplitude and phase modulation (CAP) [7] , [8] , we can now transmit very high-speed digital data (up to 51.84 Mb/s) over the existing nonloaded copper loop plant of telephone operator. These digital subscriber line (DSL) technologies have been receiving much attention in recent years, mainly due to the increasing popularity of the internet. The latest generation of the DSL family, very high-speed digital subscriber line (VDSL), delivers tens of megabits per second to every customer over ordinary phone lines [9] , [10] . For a premises distribution system, high-speed local area network (LAN) transmission techniques have been developed to provide duplex operation over copper wiring at data rates ranging from 51.84 Mb/s up to Gigabit [11] - [13] . For high-speed LAN and xDSL applications, the two major causes of performance degradation for transceivers operating over copper cables are propagation loss and crosstalk generated between adjacent wire pairs such as near-end crosstalk (NEXT) and far-end crosstalk (FEXT). Spectral allocations of the signal govern whether NEXT or FEXT is the limiting impairment. For example, for HDSL and ATM-LAN, which use the same frequency band for upstream and downstream directions, NEXT is the major impairment. In this case, for full-duplex transmission, echo [14] - [19] and NEXT [20] , [21] cancellers have been employed to deal with echo signal and crosstalk from nearby transmission path, respectively. NEXT equalization or suppression technique has also been developed which make explicit use of the cyclostationarity of the crosstalk, yielding performance gains in certain scenarios [22] - [26] . While NEXT cancellation requires that the interferer be generated by the local transmitter, there is no such restriction for NEXT suppression. Since NEXT is much more damaging than FEXT, recent communication systems over twisted-pair channel, such as fiber-to-the-curb (FTTC) [13] , [27] , [28] and VDSL systems, adopted frequency-division duplexing (FDD) to avoid potential problems caused by NEXT. In this case, FEXT is the major impairment, which limits the performance or the maximum reach of twisted-pair transmission.
In this paper, we discuss FEXT cancellation for single carrier (CAP/QAM) based twisted-pair transmission systems. Joint adaptation of the FEXT canceller and equalizer is studied, which offers improved performance and/or hardware-efficient implementation of these two adaptive systems. It is desirable that adaptation of the tap coefficient be achieved without requiring transmission of a known training or ideal reference sequence. This so-called blind startup is needed for various broadband access systems for simplicity of implementation and ease of interoperability between different manufacturers [29] - [31] . A system arrangement and its blind startup procedure are studied when the FEXT canceller and equalizer are jointly adapted to combat channel intersymbol interference (ISI), FEXT, and other additive noise. The performance of the proposed structure is also investigated under twisted-pair channel environment.
The organization of this paper is as follows. In Section II, high-speed digital transmission over twisted-pair wiring is briefly discussed and FEXT cancellation is introduced. In Section III, we analyze the performance of twisted-pair transmission system employing a FEXT canceller and equalizer without requiring an ideal training sequence. Simulation results for a transceiver with FEXT canceller are presented in Section IV. Conclusions are given in Section V.
II. TWISTED-PAIR TRANSMISSION AND FEXT CANCELLATION
Twisted-pair transmission systems face a variety of channel impairments such as propagation loss, NEXT, and FEXT [1] . In this section, we first briefly discuss the channel characteristics for twisted-pair transmission. Full-duplex transmission systems using FDD, such as FTTC and VDSL systems, are described and then FEXT cancellation is introduced to improve the system performance.
A. Twisted-Pair Channel and NEXT/FEXT Models
The two major causes of performance degradation for transceivers operating over twisted-pair wiring are propagation loss and crosstalk generated between pairs. A discussion on the characteristics of propagation loss and NEXT/FEXT loss of unshielded twisted-pair (UTP) wiring can be found in [1] , [11] , and [28] . For convenience, we briefly summarize here some useful data for these impairments. For ATM-LAN transmission over UTP cables such as category 3 and 5 cables, NEXT is the major impairment because it uses the same frequency band for both directions [12] . In FTTC and VDSL transmission over 24 or 26-gauge cables, FEXT is the major impairment because of the nonoverlapping frequency bands for each direction [10] , [28] . The propagation loss characteristic of 24-gauge cable is similar to that of a category 5 cable specified in the EIA/TIA-568A Standard [12] and is given by (1) where the propagation loss is expressed in decibels, is the transfer function of the cable, the frequency is expressed in megahertz, and is the length of the cable in kilofeet. When the signals propagate on the UTP distribution cable, they interfere with each other by generating NEXT and FEXT. NEXT is the induced interference at a receiver due to the other transmitter located at the same end of the cable as the receiver. Its power level is substantially independent of the length of the cable. On the other hand, FEXT is the induced interference at a receiver due to the transmitter located at the opposite end of the cable from the receiver. Its power level is attenuated at least as much as the signal itself if both have propagated through the same distance. When multiple NEXT interferers appear on a pair, it is generally assumed that they add on a power-sum basis. An idealized model for a worst-case NEXT power-sum coupling transfer function is given by (2) where is a coupling constant, is the number of interferers, and is expressed in megahertz. A simplified model for the FEXT transfer function can be expressed as (3) where is a coupling constant related to the physical characteristics of the cable. A commonly used value is when is in megahertz and is in kilofeet. Fig. 1 shows the propagation loss and crosstalk levels for a 600 ft. 24-gauge cable. Broadband access environment also suffers from narrowband radio frequency interference (RFI) [32] , bridged-tap losses [33] , and impulse noise. Refer to [1] and [28] for more details on the propagation and NEXT/FEXT characteristics, and other impairments of UTP cable.
B. Twisted-Pair Transmission Systems
For high-speed LAN transmission systems, which use the same frequency band in both directions, NEXT suppression or NEXT cancellation is needed for reliable duplex operation at 50 Mb/s and above over two pairs of a UTP cable [11] . While NEXT cancellation requires that the interferer be generated by the local transmitter, there is no such restriction for NEXT suppression. NEXT suppression (or equalization) is only feasible if the transceiver uses a large excess bandwidth, as is the case for 51.84-Mb/s LAN system [12] . At data rates of 100 Mb/s and above, NEXT cancellation has been utilized for duplex transmission [11] , [20] , [21] . As discussed in the previous section, NEXT is much more damaging than FEXT. Thus, recent communication systems over twisted-pair channel, such as FTTC and VDSL systems, adopted FDD to avoid potential problems caused by NEXT. That is, the signals propagating in the upstream and downstream directions use distinct frequency bands. In this case, FEXT is the major impairment, which limits the performance or the maximum reach of twisted-pair transmission. Fig. 2 shows the overall structure of high-speed transmission system, which has been implemented to deliver broadband services based on FTTC technologies [13] , [27] , [28] . These VDSL-like transceivers were developed as a chip set at Bell Laboratories, and were subsequently used in switched digital video (SDV) field trials in the United States and Korea. Characteristics of the transceivers and SDV system used in the trials can be found in [28] . As seen in Fig. 2 , the overall FTTC transmission system consists of a 51.84-Mb/s 16-CAP transceiver for the downstream channel [12] , a 1.62-Mb/s quadrature phase-shift keying (QPSK) burst transceiver for the upstream channel [34] , a timing recovery circuit [35] , and an automatic gain control (AGC) circuit [35] . The 51.84-Mb/s 16-CAP downstream signal is broadcast to several set-top boxes inside the home. The 1.62-Mb/s QPSK burst-mode transceiver is used to transmit the upstream signal in a point-to-multipoint FTTC network architecture. For synchronization of the 16-CAP receiver and the QPSK transmitter at the customer end, a timing recovery circuit is used to extract the system clock from the received 16-CAP signal. Since the downstream and upstream channels use different frequency bands, NEXT is not a problem, but FEXT is still an impairment, limiting the performance or the maximum reach of FTTC system. As seen in Fig. 2 , the transmit power level of the upstream (QPSK) signal is adjusted at the upstream transmitter depending upon the power level of the received downstream (16-CAP) signal so that the upstream receiver at the optical network unit (ONU) sees the same power level. In other words, the customer system operating over shorter loops has to transmit with less power than that over longer loops. There are two reasons for this power backoff. First, with this power backoff, the upstream receiver does not need an AGC function at its front end, thereby saving power consumption in the ONU. Power dissipation in the ONU is one of critical issues for broadband access systems such as FTTC and VDSL, because the ONU is situated on the curb outside the premises. Extreme temperatures during summer in combination with power dissipation can push the devices beyond their normal operating ranges. Second, without the power backoff, the FEXT power level generated by the upstream signal operating over shorter loops is so strong that it overwhelms the upstream signal of nearby twisted-pair cable.
Note also from Fig. 2 that, since the 16-CAP signal is broadcast to several terminal points inside the home, the receiver in one terminal has to start blindly without disrupting data transmission to the other set-top boxes. For implementing the CAP receiver at the customer end, the reduced constellation algorithm (RCA) [29] - [31] has been used to update the equalizer taps blindly. With the RCA, the error used in the tap updating algorithm is derived with respect to a signal constellation that has a smaller number of points than the received constellation. For the 16-CAP receiver, the equalizer first converges to a coarse solution based on a 4-CAP constellation in place of a 16-point constellation. After the convergence with a 4-CAP constellation, the equalizer is adapted with a 16-point slicer, which is called decision-directed (DD) mode operation. A detailed design parameter of the equalizer for the 16-CAP receiver can be found in [13] and will not be repeated here.
VDSL is similar to FTTC except that it accommodates a larger set of services, such as symmetric services for business applications and asymmetric services for residential applications. VDSL also operates over longer UTP distribution cables in the loop plant and delivers plain old telephone service (POTS) and broadband services on the same twisted pair. VDSL uses a point-to-point connection, that is, the communication link is terminated at the entrance of the home rather than the set-top boxes or PCs inside the home. The VDSL specification presented in [10] assumes blind startup for both the upstream and downstream receivers. The usage of a training sequence is not specified in this specification for simplicity of implementation and ease of interoperability between different manufacturers. The modulation scheme used by the VDSL transceiver can be either CAP or QAM.
C. FEXT Cancellation
When FDD is used for duplex transmission over twisted-pair cable, the channel located at higher frequencies suffers more propagation loss and is usually exposed to worse FEXT power level compared with the channel at lower frequencies. In order to improve the performance of such FDD transceiver, FEXT cancellation can be utilized for the channel at higher frequencies. Fig. 3 shows the equal-level FEXT (EL-FEXT), which is the signal-to-FEXT ratio at the input of the receiver when the transmit signal has traversed 600 ft. UTP cable in the presence of a single FEXT interferer. The wavy curves in the figure represent the EL-FEXT with the measured pair-to-pair FEXT loss of 25-pair UTP cable. Fig. 3 also shows a typical frequency band allocation for symmetric VDSL service, which uses an FDD for duplex operation. Notice from this figure that the signal-to-noise ratio (SNR) for the upstream channel is worse than that for the downstream channel, and thus the maximum reach of VDSL service is limited by the upstream channel. The performance of such VDSL system can be improved by using a FEXT canceller for the upstream channel, as shown in Fig. 4 . The FEXT canceller gets its input signal from the receiver of the path that generates the FEXT interferer and synthesizes in an adaptive fashion a replica of the interferer. This replica is then subtracted from the incoming signal, thus cancelling out the FEXT interferer. Notice from Fig. 4 that if all the receivers of the upstream channels are situated in the same location, FEXT cancellation could be done for any interferer. Fig. 5 (a) and (b) shows detailed receiver structures, incorporating a FEXT canceller and equalizer, when a blind algorithm is used for the startup of twisted-pair transmission system. Without ideal reference sequences and , the FEXT canceller and equalizer cannot be adapted simultaneously during the initial period. This is because the far-end data symbols initially fed to the FEXT canceller would be mostly incorrect, yielding a wrong signal at the canceller output. Therefore, a blind equalization should first be done with the FEXT canceller being disabled. After convergence with the blind algorithm, the equalizer is adapted with a slicer, which is a DD mode operation. The estimated data symbol is then fed to the canceller input for proper FEXT cancellation. Note that the bulk delay of should be inserted at the equalizer output, which corresponds to the delay due to the FEXT canceller. Fig. 5(a) and (b) shows two adaptation methods: separately adapted FEXT canceller and equalizer, and jointly adapted FEXT canceller and equalizer. In Fig. 5(a) , the FEXT canceller and equalizer are adapted using different errors, where the LMS algorithm is used for both adaptive systems. In Fig. 5(b) , the FEXT canceller and equalizer are jointly adapted, i.e., two adaptive systems are adapted using common errors. In this case, a pipelined (delayed) LMS algorithm [21] , [36] , [41] should be employed for the equalizer, while the LMS is used for the FEXT canceller. The performance of jointly adapted structure is analyzed in the next section, and is compared with that of separately adapted structure in Section IV.
III. PERFORMANCE OF TRANSCEIVER WITH FEXT CANCELER AND EQUALIZER
In this section, we analyze the performance of a transceiver, which employs a FEXT canceller and equalizer without requiring an ideal reference sequence. The equalizer structure assumed for the analysis is the phase-splitting equalizer [37] - [40] , which combines the functions of a phase splitter and the equalizer. The FEXT canceller is a complex valued adaptive filter with a complex valued input, whose structure is called a cross-coupled structure. In the analysis, the receiver decisions supplied to the FEXT canceller is assumed to be correct, i.e.,
. In Section IV, the analytical results with error-free decisions will be compared with simulation results obtained with DD mode operation.
The signal at the input of the receiver can be written as (4) where and are a desired complex data symbol and a complex FEXT generating signal, respectively. The symbol represents the real part of . The impulse responses and are the overall analytic passband channel pulses for the desired data signal and the FEXT, respectively. For joint adaptation of the equalizer and the FEXT canceller , a delayed LMS and the LMS algorithm are used as follows: (5) (6) where (7) is the output of the slicer at the th symbol period, and are the step sizes. The symbol is the complex conjugate of and the symbol is the transpose of . The delay denotes the cursor delay in symbol periods due to the FEXT canceller. In this paper, we assume that no decision error occurs, i.e.,
, where denotes the channel delay in baud rate interval. The complex vectors of the equalizer and FEXT canceller tap coefficients, and the input signal vectors of the equalizer and FEXT canceller are denoted by signal vector, respectively. The mean-square error (MSE) of the receiver is then given by (12) where and denotes the expected value. The matrix is block-diagonalizable as follows: (13) where and The optimum taps of the equalizer and canceller, and the corresponding minimum MSE of the jointly adapted receiver structure are then (14) (15) The excess MSE in (12) can be expressed as the sum of two different excess MSEs (16) where is the tap error vector, and and were assumed to be uncorrelated. Note from (16) that the excess MSE of the system is obtained by adding two different excess MSEs, i.e., the excess MSE of the equalizer and the excess of the FEXT canceller . As will be shown in this section, these two excess MSEs are not statistically independent. Let , and , where is an orthogonal matrix whose columns are the eigenvectors of , and is a diagonal matrix whose diagonal entries are the eigenvalues of , that is, and
. From (5)- (7), the iterative equations for the rotated tap error vector are given by (17) where and Using (16) and (17), the excess MSE can be rewritten as (18) We assume that , , and are statistically independent [19] , [36] , [41] . We also assume that the tap error vectors and are uncorrelated. From (17) , the excess MSE is expressed as (19) The second and fourth terms in (19) are approximated as (20) where and In (20) , is an average of significant eigenvalues of , and . The number of these significant eigenvalues, , where is the oversampling factor of the phase-splitting equalizer [19] . The derivation of is given in [36] and [41] . The first subscript of denotes the delay in the coefficient adaptation, and the second subscript denotes the time difference between and in , where is the rotated tap error vector with coefficient adaptation delay at time . Note also that . To compute the fifth term, we have (21) where and is the th element of the rotated input data vector . Therefore, the fifth term is (22) The last term in (19) is given by (23) The third, sixth, seventh, and eighth terms are zero, since . Using (20)- (23), in (19) is expressed as (24) It should be noted from (24) that the excess MSE of the equalizer is computed recursively from the total excess MSE . Thus, the excess MSE of the equalizer is not statistically independent of that of the canceller. This is due to the fact that the two adaptive systems are updated by using the common error signal . In a similar manner, the excess MSE can be computed from the form (25) The second and fourth terms in (25) are approximated as (26) where To simplify the fifth term, we have (27) where and is the th element of the rotated input data vector . Therefore, the fifth term is given by (28) The last term is given by (29) Finally, the third, sixth, seventh, and eighth terms are zero, since . As a result, the excess MSE in (25) is expressed as (30) where . By using (24) and (30), the iterative expression for the excess MSE can be obtained as (31) Note that in order to eliminate ISI and make the noise power spectrum white, we use sufficiently large number of feedforward filter taps of the equalizer, i.e.,
. The kurtosis equals one because the canceller input sequence is uncorrelated random variable, whose power spectrum is white. Thus, the last two terms can be eliminated. To find steady-state excess MSE, we let . Equation (31) is then expressed as follows: (32) The steady-state excess MSE can then be approximated as shown in (33) at the bottom of the page, where we assumed that and . The stability bound can be obtained by letting the denominator of (33) be positive [19] , that is (34) From (34), the upper bound on and to guarantee the convergence of the MSE of joint equalization and cancellation can be obtained as (35) Similarly, the steady-state MSE in the presence of multiple FEXT interferers can be obtained as (36) where we assumed that , and , and is the number of FEXT cancellers used in the system. Note that the steady-state MSE of (33) was obtained for the transceiver employing a blind equalization and then joint adaptation with FEXT cancellation. A pipelined (delayed) LMS algorithm was used for adaptation of the equalizer, which is due to the delay of the FEXT canceller. The steady-state MSE of (33) reduces to the corresponding expression for delayed LMS algorithm [21] , [36] , [41] if the FEXT canceller is turned off. It should be also noted that the total excess MSE is comprised of two statistically dependent excess MSEs, i.e., the excess MSE of the equalizer and the excess MSE of the canceller. In the Appendix, we extend the above analytical results to the case where a decision feedback equalizer (DFE) is employed instead of FSLE at the receiver.
IV. SIMULATION RESULTS AND DISCUSSION
In this section, we present computer simulation results for the twisted-pair transmission system with the FEXT canceller and equalizer. Specifically, we first investigate the performance improvement of the system by using a FEXT canceller. The time span that the FEXT canceller has to span, or memory span, is estimated from the FEXT model of (3) and the measured FEXT data. For blind startup of a transceiver, this memory span is then used to compute the length of the bulk delay needed at the equalizer output. The performance of the transceiver without requiring an ideal reference sequence is investigated through com- puter simulation, whose result is then compared with the analytical result obtained in Section III.
In this paper, we investigate the performance of FEXT canceller with a typical FDD spectrum, as shown in Fig. 3 . In order to estimate the time span needed for the canceller, the impulse response for the FEXT signal path has been obtained. Fig. 6(a) shows the impulse response of the FEXT signal path, which is a cascade of FEXT loss model of (3) and the pulse shaping filter of a transmitter. The dashed line in Fig. 6(a) gives the FEXT signal path that has the worst-case measured FEXT loss of pair (4, 10) shown in Fig. 3 . Finally, in Fig. 6(b) , the FEXT signal path also includes the impulse response of the equalizer. Comparing Fig. 6(a) and (b) , we see that the equalizer increases somewhat (33) Fig. 4 has to handle these impulse responses in Fig. 6(b) . As seen from the figure, these impulses have an appreciable amplitude over a duration of about 1.5 s. Thus, the memory span of the FEXT canceller should also be in the 1.5 s range.
For the FDD spectrum shown in Fig. 3 , the s at the input of the receiver are 37.2 dB and 28.6 dB for the downstream and upstream channels, respectively, where the noise consists of FEXT and background noise modeled by 115 dBm/Hz additive white Gaussian noise (AWGN) power spectral density. For the upstream channel, the signal to FEXT and signal to background noise ratios are 29 dB and 39 dB, respectively, which results in 28.6 dB of signal to FEXT plus background noise ratio. Notice that the of the upstream channel is about 9 dB lower than that of the downstream channel, and thus the performance or the maximum reach of the transceiver is limited by the upstream channel. Table I gives computer simulation results for a 25.92 Mb/s 16-CAP/QAM transceiver that incorporates a FEXT canceller. The symbol rate of this transceiver is Mbauds and its excess bandwidth is 20%, so that the total bandwidth occupancy of the upstream channel is 7.776 MHz. The quantities of and in the table are the at the input of the receiver and the slicer, respectively. The first column in Table I gives the total number of tap coefficients that has been used for the FEXT canceller in each simulation. All the simulation results in Table I have been obtained for 600 ft. 24-gauge cable having the propagation loss defined in (1) . Three pair-to-pair FEXT loss characteristics are considered, which are the FEXT loss model of (3) and two measured FEXT loss models shown in Fig. 3 . The pairs (4, 10) and (9, 12) represent the worst and nominal pair combinations in terms of FEXT loss characteristics, respectively. Notice from Table I that, for the worst-case measured FEXT loss, about 7 dB performance improvement has been achieved with a FEXT canceller having two complex taps. Notice also that, with ten taps, which corresponds to a memory span of 1.54 s, the FEXT canceller eliminates most of the FEXT signal contained in the received signal. These results are consistent with the estimate of the required memory span that can be made from inspection of the duration of the impulse responses shown in Fig. 6(b) . Table II gives Table II show the performance margin, which is defined as Margin (37) where 24.13 dB, corresponding to a bit-error rate (BER) of 10 for 16-CAP/QAM system. As seen in Table II , the performance margin with the transceiver operating over 2 kft. 24-gauge cable is improved to a positive value of 3.35 dB by using a two-tap FEXT canceller. Note from Tables I and II that the required memory span of the FEXT canceller is almost independent of the transfer function of the cable. For an ideal zero-forcing equalizer with its transfer function , a cascade of the equalizer and the FEXT loss of (3) becomes independent of the cable, i.e., , where is a constant. Therefore, the memory span needed for the FEXT canceller does not depend on the channel characteristics of twisted-pair cable. If the signal and FEXT interferers propagate through different lengths of cable, the required length of the FEXT canceller would vary depending upon the channel characteristics. In other words, if the twisted-pair cable for the signal and the cable generating the FEXT interferer are not equally long, which is the case for broadband access system, the performance of the FEXT canceller depends upon the loop transfer function. Let and denote the loop length for the signal and FEXT, respectively. From (1) and (3), a cascade of the equalizer and the FEXT loss becomes (38) where . Fig. 7(a)-(c) show the transfer function of the FEXT at the output of the equalizer when the loop length of the signal is 1.5 kft (i.e., kft), and the loop lengths of FEXT are 0.6, 1.5, and 2.0 kft, respectively (i.e., 0.6, 1.5, and 2.0 kft). Fig. 8 compares its impulse responses when 0.6 and 2.0 kft. Fig. 7 (a) and (c) that the transfer function of FEXT with is more flat than that with . Therefore, the impulse response of FEXT with is more concentrated around the center, as seen in Fig. 8 . This results in slightly better performance with , compared with , when . Comparing the performance of the case of with , we see that the difference in the loop length of the signal and FEXT does not significantly affect the required length of the FEXT canceller. Another advantage of FEXT cancellation is that the power backoff constraint for short range systems can be somewhat relaxed because strong FEXT interferers from short loops can be eliminated by using FEXT cancellers. Fig. 9 shows the convergence characteristics of the system with and without requiring transmission of an ideal reference sequence. For the blind startup of the transceiver, we used the following procedure.
Step 1) The equalizer is converged in the presence of FEXT.
To update the equalizer taps, the RCA blind algorithm is first used, and then switched to the DD mode operation.
Step 2) The FEXT canceller is added at the output of the equalizer. The FEXT canceller is then converged for various values of the bulk delay line at the output of the equalizer until the best bulk delay is identified.
Step 3) The equalizer and FEXT canceller are jointly converged using receiver decisions with the corresponding adaptive algorithms discussed in Section III. After convergence, the steady-state SNR at the slicer is obtained.
The solid line of Fig. 9 shows the convergence with a known training sequence, i.e., when and are known at the receiver. The dashed line in Fig. 9 gives the convergence behavior of the transceiver with the blind-startup. Comparing two lines in the figure, we see that there is slight performance degradation in the steady-state when the blind startup is used. There are two reasons for this performance degradation with the blind startup. First, the delayed LMS algorithm instead of the LMS algorithm had to be used for the equalizer. Second, there are some decision errors, i.e.,
, which results in wrong FEXT cancellation. Fig. 10 compares the steady-state performance of these two startup procedures. Notice from Fig. 10 that the with the blind startup degrades as the number of the canceller taps increases. This occurs because the bulk delay for the equalizer tap adaptation increases as the number of FEXT canceller increases, leading to performance degradation of the transceiver, as predicted by the analytical results of (16) and (33) . Note also from Fig. 10 that the performance degradation with the blind startup is mostly due to the bulk delay in the equalizer tap adaptation. In other words, wrong FEXT cancellation, resulting from wrong decisions, yields no noticeable performance degradation when the error rates are reasonably low. Fig. 11 compares the performance of two different adaptive structures shown in Fig. 5(a) and (b) . Note from Fig. 11 that the jointly adapted structure improves the steadystate performance by about 5 dB, as compared with the separately adapted structure. For jointly updating the canceller and equalizer in a blind startup, we had to use a delayed LMS algorithm for the equalizer, which results in about 1-dB performance degradation when the number of FEXT canceller tap is 32 (i.e., ). Nevertheless, the jointly adapted structure using a delayed LMS algorithm outperforms the separately adapted structure using the LMS algorithm. In order to investigate the effect of the bulk delay on the convergence behavior, the MSE trajectories with different values of are obtained in Fig. 12 . These convergence characteristics of the jointly adapted structure were obtained by ensemble averaging over 100 independent runs. In the simulation, for purposes of comparison with the analysis, the receiver decisions were assumed to be correct. As seen in the figure, the convergence slows down as the delay in the equalizer increases. From Figs. 10 and 12 , it is observed that our analysis very closely predicts both transient and steady-state MSEs. Fig. 13(a) shows a cross section of 25-pair BKMA cable, which is a typical 24-gauge distribution loop in the United States. Commonly used twisted lengths and twist frequencies for such a 25-pair cable are given in [1] . Pairs with different twist lengths have different loss and crosstalk characteristics. Fig. 13(b) shows the measured pair-to-pair FEXT power of 600 ft. BKMA cable, which was obtained by integrating the FEXT loss over the frequencies used for the signal. Fig. 13(c) shows the FEXT power when the FEXT signal is measured at a receiver located at the end of pair #4. Note that, when multiple FEXT interferers are present, there is always one dominantinterferer, which is pair combination (4, 10) for the pair #4. In this case, the received signal at the pair #10 would be used as the input of the FEXT canceller to eliminate the FEXT signal at the pair #4. It is apparent that the performance of the receiver at the pair #4 is further improved if multiple FEXT cancellers are used to cancel out multiple FEXT interferers. Table IV summarizes the performance results of the receiver at the pair #4, in the presence of two dominant FEXTs from pair #10 and pair #15. By using one FEXT canceller for the FEXT from pair #10, about 6 dB performance improvement (from 27.4 dB to 33.1 dB) has been achieved, with the performance of the receiver then limited by the FEXT from pair #15. Note that the performance improvement of 6 dB corresponds to the FEXT power difference between pair combinations (4, 10) and (4, 15) . Adding one more FEXT canceller for the FEXT from pair #15 gives further improvement by about 3 dB.
V. CONCLUSION
We have discussed the performance of twisted-pair transmission system incorporating a FEXT canceller. It has been shown that the performance of twisted-pair system can be significantly improved by using a FEXT canceller for the upstream channel. The blind startup procedure and its performance have been studied when the FEXT canceller and equalizer are jointly adapted by using a common error signal. In particular, the initial convergence and the steady-state behavior of the twisted-pair system without requiring transmission of an ideal training sequence have been investigated. As a result, it has been shown that the total excess MSE, which is a function of various system parameters such as the equalizer length, FEXT canceller length, and the bulk delay, is comprised of Since the memory span needed for the FEXT canceller is almost independent of the channel, the results presented in the paper can be used for the twisted-pair system operating over all different channel environments.
APPENDIX
In the appendix, we extend the analytical results to the case where a DFE is employed instead of FSLE at the twisted-pair receiver. For joint adaptation of the DFE and FEXT canceller, a delayed LMS and the LMS algorithms are used for the FLSE and FEXT canceller, respectively, along with the LMS algorithm for the feedback filter (FBF) of the DFE (A.1) where is the step size, and is the complex vector of the FBF tap coefficients. The estimated data symbol vector, , for the input of the FBF is denoted by (A.
2)
The error signal between the input and the output of the slicer in (7) is modified as (A.
3)
The MSE of the receiver is then given by 
